The mean shape of free dendrites of pivalic acid growing from solution is determined. For a three-dimensional axisymmetric needle crystal, the mean width m of the dendrites would scale with distance z from the tip according to ivv --+2pz, where p is the tip radius. For pivalic acid growing from a solution of pivalic acid and ethanol, we find that m does not grow as a simple power law in z, and is always larger than mo. This result reBects the concentration of material into the sidebranching planes due to crystalline anisotropy. A comparison with NH4Cl in aqueous solution, which has a larger surface tension anisotropy, shows that the magnitude of the crystalline anisotropy does not afFect the mean shape. The connections with current three-dimensional theories of dendritic growth are also discussed.
I. INTRODUCTION
Dendritic growth often occurs when a nonfaceted material crystallizes from an undercooled liquid or supersaturated solution, and the growth is limited by diffusion. Though the patterns that result &om this process have been studied for quite some time, there are still many outstanding questions about the mechanisms that determine the overall shape and growth rate as well as the details of the sidebranch development. The twodimensional steady-state problem appears to be well understood, but the extension to nonaxisymmetric threedimensional shapes is more dificult. In particular, the asymptotic shape of the steady-state needle crystal and the possible dependence of that shape on the surface tension anisotropy are still open questions.
In this paper, we present measurements of the average shape of three-dimensional &ee dendrites of pivalic acid grown &om supersaturated solution of pivalic acid and ethanol. We find that the average shape is considerably difFerent &om the steady-state paraboloid assumed in axisymmetric theoretical treatments. Further, a comparison with previous work on NH4C1 [1] shows that the average shape is independent of the material used. These findings are consistent with a recent three-dimensional nonaxisymmetric calculation by Brener [2] .
The study of the average shape was motivated in part by recent work on a variety of systems, where it has been found that appropriately averaged quantities can be an important probe of the underlying fundamental physics. For very unstable viscous fingering [3] , and for two-dimensional dendritic crystal growth and anisotropic viscous fingering [4] , the mean shape of the complex patterns was found to be the same as the theoretical steady state for the same conditions. In a similar vein, Gluckman et aL found that the time-averaged patterns of chaotic surface waves displayed significant order [5] , while Ning et al. found that the Quctuations of rotating thermal convection patterns about the averaged state gave important information about the system, such as the instantaneous heat transport [6] . Thus it seems reasonable to suppose that the average shape may contain information about the underlying physical processes.
II. BACKGROUND
In the standard continu»m model for &ee dendritic growth &om solution, the growth is assumed to be limited by the difFusion of impurities &om the growing interface [7, 8] [16] indicated that the tip region is still approximately a paraboloid of revolution, but the asymptotic shape is not. The importance of the asymptotic shape was not clear. Subsequent measurements of NH4Br dendrite tips were in agreement with the predicted shape corrections near the tip [13] .
Subsequently, Ben Amar and Brener studied the nonaxisymmetric three-dimensional model [17] and found that the asymptotic shape indeed diverges from a paraboloid, but that the divergence appears to be irrelevant to the selection of the tip radius and speed. This agrees with the earlier work of Kessler and Levine [16] . Further, Ben Amar and Brener found that, for small anisotropy, the shape correction near the tip is independent of the value of the anisotropy.
Recently, Brener [2] Comparison of dendritic growth theory with experiments has proven difficult [18) , both because convection is often present [9, 13] , and because there is considerable uncertainty in the value of e4. For pivalic acid, for example, reported values for e4 are e4 --0.006 [19] , 0.025 [20] , and 0.05 [ll] . There are also differing reports for a' for the growth of NH4Br from solution [10, 13] Images were recorded with a charge coupled device (CCD) camera onto video tape and later digitized with a resolution of 512 x 480 pixels and an overall scale of 1.3 pm/pixel. After subtraction of a background image, the interface position was determined in the same manner as in Ref. [10] . The intensity in the image was measured on a line perpendicular to the interface. Over the range of a few pixels, the intensity changed rapidly &om bright to dark. In the transition region, we fitted a straight line to the intensity profile. We defined the interface as the location where the fitted intensity was the average of the high value outside the crystal and the low value just inside the crystal. This fitting procedure interpolates intensity values and allows a reproducible measure of the interface to better than one pixel resolution. It is also insensitive to absolute intensity levels and to variations in intensity across a single image.
For each image, a parabola of the form z -z&'p (z -z«~)z/(2p) was fitted to the tip, where (x&,~, z«~) is the location of the tip, z is the distance back &om the tip along the stem of the dendrite, and p is the tip radius. The velocity was determined by measuring the displacement of the tip over known time intervals. The parabola given by too --/2pz is shown by the inner solid line on The width tv(z) of the crystal in the plane of the sidebranches (from the center to one side) was then measured as a function of the distance z back from the tip. Overhangs were ignored. The result for the top branches in Fig. 1 is shown in Fig. 2 .
The mean width tv(z) was then determined by averaging the results &om a large number of images under similar conditions. In order to obtain measurements for large z, the dendrite tip was allowed to grow off the edge of the screen and the tip position was extrapolated. The result is shown as the outer solid line in Fig. 1 .
When all measurements are scaled by p, we find that tv(z) is approximately independent of both growth speed and material used. The results are shown in Fig. 3 for pivalic acid dendrites with v = 1.3 pm/s and 3.9 pm/s, and for NH4C1 dendrites with v = 0.93 pm/s (from Ref. [1] ). 
IV. CONCLUSIONS
The main results of this work are shown in Fig. 3 . [19, 9] . At high supersaturation, the crystals are quite small and growth is very rapid. This makes quantitative imaging difficult.
Although the mean width in the plane of the sidebranches diverges &om the Ivantsov parabola, it is important to note that the axially averaged growth shape is still consistent with the Ivantsov parabola, as was found in Ref. [1] . This simply refiects the fact that the growth is limited by diHusion. Thus, while the tip grows with constant speed, the axially averaged width grows as t~, orasz /'. paraboloid of revolution. Instead, the material is concentrated by crystalline anisotropy into the sidebranching planes. Second, that mean shape is independent of both the growth conditions and the crystalline anisotropy e4 of the materials used. Although no power-law scaling was observed, these results are roughly consistent with the asymptotic needle-crystal shape found by Brener [2] .
This work has addressed the mean shape only over a limited range of distances, where the sidebranches still actively compete. Eventually, the spacing between active sidebranches becomes sufFiciently large that they must grow as essentially free dendrite tips. It remains to be seen whether the present picture holds even for such large distances, or whether the overall growth envelope might indeed depend on supersaturation, as appears to be the case for some mean-Geld models of diffusionlimited growth [21] . It is also not clear whether similar results would hold for systems such as He where the sidebranch activity is apparently very weak [22] .
ACKNGWLEDG MENTS
This work was supported by a Joseph H. DeFrees grant of Research Corporation. Additional equipment was obtained through a grant from the W. M. Keck Foundation.
